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Abstract 

 

The issues for P availability to agricultural plants are threefold: the solution 

concentration of P during early growth (intensity factor); the quantity of P in the soil 

“bank” to meet plant and animal needs (capacity or quantity factor); and the rate at 

which P becomes available from mineral and organic sources (kinetic factor). 

These three needs can be met by: 

1) applying traditional (manure, compost) and novel (biosuper) sources 

2) modifying or selecting plants for their root architecture, phytase activity, 

carboxylate excretion and P translocation inefficiency 

3) encouraging rhizosphere conditions which favour phytase and carboxylase 

activity 

4) developing symbioses with mycorrhiza and Penicillium species 

5) developing exoenzyme products which release inositol P 

6) adjusting soil pH to 6-7 for maximum availability of native mineral P sources 

or lowering pH for maximum availability of reactive rock P 

7) developing rotations which maximise organic P cycling. 

These seven broad groupings of strategies to improve P nutrition each operate by one 

or more of the three mechanisms of quantity, intensity and kinetic factors. The 

possible application of these strategies to ‘organic’ farming is outlined in this review. 

However a successful application of these strategies might also improve the P 

efficiency of conventional agriculture. 
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General background 

Most temperate agricultural plants have their best early growth when the solution 

concentration of P is about 3 to 10 µM (0.1 to 0.3 mg/L). For example Dear et al. 

(1992) found that the critical value (90% Relative Yield, RY, of dry matter) for 

subterranean clover was 0.10-0.13 mg P/L (0.01 M CaCl2). However most soils 

naturally maintain a solution concentration  ≤ 1 µM P. This is due to the adsorption 

and precipitation reactions of P together with microbial immobilisation of P  i.e. 

chemical “fixation” and microbial competition. Therefore to maintain a solution P 

concentration which is adequate for 90% RY of agricultural plants we have 

“traditionally’ (for the last 100 years) added a chemical fertiliser (single super, Mono- 

Ammonium Phosphate (MAP), Di-Ammonium Phosphate(DAP)) which provides an 

elevated concentration of P in the early stages of plant growth. If no “chemical” P 

source is added to a soil, then low solubility of P will be a limitation for plant growth. 

 

A second issue for temperate agricultural plants is the total quantity of P in the soil. If 

agricultural products are removed from the land, the maintenance of the soil’s P 

reserves (the P bank or budget) will rely on additions via fertilisers, organic sources 

(manure, compost) or low solubility minerals (carbonate and hydroxy apatites) which 

are not regarded as ‘fertilisers'. Having added a quantity of P to the soil, strategies 

which improve the rate of mineralisation of added organic P or the rate of dissolution 

of added mineral P will enable us to maintain or enhance yields (grain, oil, sugar, etc.)  

 

Taking the 'organic' line of argument one step further, if no P at all was added to a soil 

then there are two options to maintain yield. One is to increase the P efficiency of 

plants i.e. more grain or oil etc per kg P taken up. The risk of such a strategy might be 
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a lower mineral content in the end product. This would seem incompatible with the 

spirit of organic farming. However if the translocation of P and other nutrients to 

edible plant parts can be maintained at adequate concentrations, plant breeding for P 

efficiency is a viable option.  

 

The second (non-exclusive) option is to increase the availability of P which is already 

in the soil profile. Since these native forms are low solubility minerals (e.g. Al, Fe and 

Ca phosphates) and organic compounds (e.g. phytates), there is commonality with the 

strategies which could be used to improve the availability of applied rock P and 

applied organic P (Figure 1). It is apparent that 'conventional' farmers might also 

benefit from research on this subject since they too have large reserves of P in forms 

of low availability. 

 

Ultimately the P balance in the soil must be maintained but by asking these questions 

we can seek out new ways of increasing our efficiency and sustainability of P use, 

possibly by enhancing the use of presently “idle” P pools within the soil. The purpose 

of this paper is to provide a conceptual framework within which the various strategies 

for improving P efficiency can be integrated. The means by which that P efficiency is 

achieved (intensity, quantity, kinetic factors) is highlighted so that limitations and 

benefits of the strategies are clearly understood. 

 

Mechanisms of improving P availability 

 

These strategies to improve the availability of P might operate through three 

mechanisms. They might 
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1) increase the solution concentration of P, [P]soln. i.e. an intensity factor 

2) increase the release rate of low solubility P, so that  

dP/dt release ≥  dP/dt uptake                   i.e. a kinetic factor 

3) increase the total quantity of P available at a given time, 

 [P]mg/L * litres of soil solution              i.e. a quantity factor. 

Examples include 1) adding S to rock phosphate for low pH-enhanced dissolution; 

 2) increased enzymatic or microbial activity; 3) grinding rock P finely, or increasing 

root-soil contact. In practice, any new management strategy would probably involve a 

combination of intensity, quantity and kinetic factors to enhance the availability of 

low solubility P sources. The following is a broadly grouped compilation of possible 

strategies to enhance P availability, together with an assessment of the mechanism(s) 

by which the strategy enhances P availability. 

 

Broad groupings of strategies to improve P availability 

 

Sources of P that can be applied to soil 

Animal manures are well known sources of P, much of which is already in an 

inorganic form. Poultry, pigs, cattle, and even sheep are now often “shedded” or 

raised in feedlots, providing a large potential source of P for transfer to soil. Composts 

and ‘humates’ are also sources of P and are considered by Evans and Condon (this 

issue). Sources of organic material with higher contents of P or higher mineralisation 

rates (mechanism 2) might be found. New South Wales Department of Primary 

Industries has an “Organic Waste Recycling Unit” which is conducting research into 

possible agricultural reuse of wastes and biosolids, many of which are P rich. The 
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recycling of organic P sources should extend the life of the world’s P reserves and be 

environmentally beneficial, especially compared with landfill. 

 

Rock phosphate dissolution could be enhanced by co-application of S (or (NH4)2SO4 

where organic certification is not an issue) and the subsequent acidic soil conditions 

generated by oxidation (mechanisms 1 and probably 2). Before the use of 

superphosphate, rock P was ground and incubated with manure (Paul and Clark, 

1996). Both mechanisms 1 and 2 might be involved, and if the rock is finely ground, 

mechanism 3. 

 

If new sources of P are found, then there will need to be applied research into 

appropriate application methods (banding, topdressing, etc.) which maximise 

accessibility.  

 

There might even be the possibility for “non P” products to improve availability of 

applied P by minimising the strength of fixation of P onto sesquioxide surfaces. 

Agbenin and Igbokwe (2006) found that dung inhibited P sorption by soil. Humates 

and silicates might also offer some scope to weaken the adsorption of subsequently 

applied P. Whether the weakened P adsorption increases P uptake or increases P 

losses off site needs to be determined for each combination of soil type and farming 

system. 

 

Plant modification/selection 

Plants with fine roots, lots of root hairs, or dense surface root patterns have a better 

chance of exploiting immobile nutrients such as P (mechanism 3) which are generally 
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concentrated in the surface soil. Lupin species, which have proteoid roots, are well 

studied (Zhu et al., 2005). Of course there might be situations where there are also P 

reserves below the A1 horizon and hence this generalisation of the need for surface 

soil exploitation might not hold. 

 

Although the solubilities of Fe, Al and Ca phosphates are low, there can be large 

quantities of them in soil. In forms with low crystallinity (i.e. having a large surface 

area which enhances dissolution) they can make a significant contribution (¼ to ½) to 

the P requirements of plants (Armstrong et al., 1993). While the energy investment in 

producing root hairs or proteoid roots (or mycorrhizal symbiosis) could be repaid in 

the total quantity of P obtained, there could be a cost of this enhanced topsoil foraging 

in that less water (and nitrate) are accessed from deeper in the soil (Lynch and Ho, 

2005).  

 

The allocation of P within tissues could also be manipulated. While uptake efficiency 

is desirable, translocation efficiency is not necessarily desirable. There will be a 

compromise between maintaining a nutritionally adequate concentration of P in the 

edible plant parts while leaving a high enough concentration of P in roots and other 

tissues to recycle in the soil for following crops or pasture. 

 

Plants could also be selected or modified for carboxylate or phytase secretion 

(Richardson et al., this issue), secretions which drive rhizosphere reactions. The 

approach of plant selection/modification appears to be both sustainable and without 

environmental repercussions. 
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Rhizosphere (soil-plant-microbe) reactions 

This strategy grouping overlaps with both the previous “plant modification/selection” 

section and with the following section on “symbioses”. However a distinction is made 

on the basis that this grouping is focussed on plant-soil-microbe interactions that are 

likely to be indirect or competitive, though the distinction is recognised as being 

fuzzy.  

 

Both microbes (Casarin et al., 2003) and plant roots (Zhu et al., 2005) are capable of 

secreting citrate or citric acid into the soil. Carboxylic acids enhance dissolution of 

mineral P (Harrold and Tabatabai, 2006) (mechanisms 1 and possibly 2).  The 

enhancement can be by complexation with cations (Ca, Al, Fe) thus enhancing 

dissolution; competition of the anion with phosphate for adsorption sites; or simply a 

lowering of pH causing dissolution of P minerals. There appears to be no single, 

universal mechanism for carboxylate enhanced availability of P (Palomo et al., 2006). 

Again, there is an energy cost to plants compared with simply investing in root hairs 

(Lynch and Ho, 2005). However the cost could be worthwhile if multiple purposes are 

served. Liao et al. 2006 found that soybean responded to Al toxicity by citrate and 

malate exudation and to P deficiency by oxalate and malate exudation. Hence 

exudation of carboxylic acids could simultaneously enhance P uptake and protect 

against Al toxicity. Of course a lowering of rhizosphere pH would counteract the 

anionic protection against Al toxicity (Chen et al., 2006; Shahbaz et al., 2006). 

Microbes (Paul and Clark, 1996) and plants (Nuruzzaman et al., 2006) can also 

release phosphatases (mechanism 2). Since this occurs within the rhizosphere there 

could be intense competition for released P. Whether the released P is beneficial to a 
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host plant (a symbiotic effect) could depend on the species of host (Marschner et al., 

2006). Again, there appear to be no environmental costs from such a strategy. 

 

Symbioses (plant-microbe interactions) 

Mycorrhiza, especially Glomus species, extend the root system and increase P uptake 

by enhanced exploration (mechanism 3) rather than by access to low solubility P 

forms (Cardoso et al., 2006). Mycorrhizal dependence by tropical grasses was found 

to be greatest at lower pH (Kanno et al., 2006) suggesting that the fungal hyphae were 

able to acquire P while being tolerant to Al. This again might be at an energy cost to 

the host plants compared with root hairs (Lynch and Ho, 2005).  

 

Microbial inoculants such as Penicillium species (Whitelaw et al., 1997) are 

commercially available and appear to enhance availability of low solubility P sources 

to wheat (mechanism 1). However Harvey et al. (this issue) believe that the beneficial 

effect of Penicillium radicum is similarly due to a contribution to mechanism 3, rather 

than to mechanisms 1 or 2. The ability of fungi to access low solubility forms of P is 

clear but biochemical mechanisms remain doubtful. Further, it is not clear whether 

this enhancement of plant growth is symbiotic or whether wheat simply competes 

successfully with microbes for excess dissolved P in a carbon-starved environment. 

Marschner et al. (2006) found that two cultivars of wheat differed in their ability to 

capitalise on microbial P cycling within their rhizospheres. 

 

Symbiotic relationships are unlikely to have negative environmental impacts but the 

stability of symbioses for agricultural productivity needs to be established by trials of 

more than one year duration. 
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Enzyme treatments 

It might be feasible to isolate, manufacture and apply exoenzymes that enhance 

mineralisation of inositol P (mechanism 2). Will the mineralisation be sustained over 

a reasonable period of plant growth or will it be a ‘boom and bust’ release  i.e a one-

off withdrawal from the bank at one particular time? The rate of mineralisation of 

organic P is generally controlled by factors that affect microbial growth rather than 

enzyme activity per se (Guppy and McLaughlin, this issue). The scope for 

mobilisation of organic P is considered by Guppy and McLaughlin (this issue) to be 

limited. Care would need to exercised to ensure that the strategy supplied a steady 

release of P to target plants rather than a pulse of soluble P that could leach into 

waterways or be ‘fixed’ by adsorption. 

 

pH adjustment 

The equilibrium between Ca phosphates and Al/Fe phosphates suggests that 

maximum P concentrations in solution should occur between pH 6-7 (Lindsay, 1979) 

(mechanism 1) though exchangeable Al also influences how P solubility varies with 

change in pH (White, 1983). This chemically optimum pH range should be regarded 

as a state of repose during periods of low biological activity. Hence while a high level 

of soil acidity enhances rock phosphate availability, both alkalinity and excess acidity 

tend to restrict potential P solubility from native mineral sources. The appropriate pH 

adjustment therefore depends on the source of P being targeted for release, and the 

feasibility of changing the bulk soil pH to that range. Of course, adjusting the pH of 

very acidic soils to near neutrality carries a risk of inducing trace element 

deficiencies. There would be no environmental consequences of this strategy. 
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Rotations 

Crops may benefit from residual P made available from preceding crops such as faba 

beans (Nuruzzaman et al., 2005) (mechanism 2). Long pasture phases might 

accumulate a quantity of P (from depth or from low solubility mineral sources) in 

readily mineralisable organic forms which adequately support a short cropping phase 

(mechanism 2).  A green manure crop (for example lupin and ryegrass) might 

accelerate this same means of improving readily mineralisable organic P. As with the 

strategy grouping ‘plant modification/ selection’, this approach seems to be 

compatible with objectives of both productivity and sustainability. 

 

From an organic farming perspective these broad grouping of strategy could be placed 

on a continuum from the 'chemical' to 'ecosystem' level approaches (Figure 2). Where 

philosophical considerations guide agricultural management, the continuum described 

by Figure 2 could assist with delineating acceptable boundary conditions for that 

philosophy. 

 

A question of timing and balance? 

 

While there are many possible paths to explore, it should be cautioned that any 

misclose between the timing of P release from any source and the uptake by plants (as 

alluded to under “Enzyme treatments”) might simply lead to the moving of P from 

one low availability source to another low availability sink. Any biological process for 

example, will be subject to temperature and moisture optima (and possibly a preferred 

range of oxygen partial pressure, pH, etc).  Do these match the conditions under 
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which the target agricultural plant grows? McLaughlin et al. (1988) showed that 

inorganic P in pasture residues became organic P within 7 days after addition to soil. 

By way of comparison, organic nitrogen often mineralises in autumn in southern 

Australia and the oxidised product of nitrate is often leached to depth prior to plant 

uptake. In the case of P mineralised from organic residues in autumn there could be 

re-adsorption of phosphate onto sesquioxides prior to significant plant uptake. 

 

Therefore we might consider 7 broad groupings of strategy that could contribute to 

enhanced P nutrition, each operating by one or more of three mechanisms. The 

release, from whatever source, must overlap with a plant sink or risk being transferred 

to another soil sink. 

 

A role for soil testing 

 

Soil tests measure soluble P plus various proportions of 'labile' P (Figure 3, after 

Conyers, 1999), which we could conceptually define as exchangeable P plus readily 

mineralisable organic P. Table 1 indicates the various P sources likely to be extracted 

by soil P tests including those referred to in Figure 3.   It can be seen that Colwell P 

represents more a labile quantity factor while 0.01 M CaCl2 extractable P represents 

an intensity factor.  The kinetics of P release could be measured using an anion 

exchange resin (McLaughlin et al. 1994) although this test is not currently available 

through commercial soil testing laboratories.  

 

The higher the soil test P quantity factor, the longer the production system will last 

without P inputs. The higher the soil test P intensity factor, the greater the diffusion 
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gradient which can be established between roots and bulk soil, and therefore the 

greater the rate of supply of soil P to the plant root. Diffusion is the primary means by 

which immobile nutrients such as P move, and this movement has been found to be 

best correlated with the P buffer capacity of the soil at low P concentrations in 

solution (3.2 uM, Moody et al., 1995). From a simple practical perspective, soil 

testing annually for some form of 'labile' P is a good way to monitor the sustainability 

of P fertility in any system.  

 

Because 'organic' systems are presumably more dependent than 'conventional' systems 

on the release of P from slowly soluble sources and from mineralisation of organic P, 

there may be scope for commercial soil testing laboratories to enhance their suite of 

offered soil P tests to allow assessment of these P sources. In particular, total P 

analysis of the Colwell extract rather than colorimetric determination of molybdate-

reactive P in the extract will provide an assessment of the relative amount of readily 

mineralisable organic P.  Acid (0.005 M H2SO4: Kerr and von Stieglitz 1938) 

extractable P can be used in association with Colwell-P to assess the reserves of 

calcium phosphates (apatites) in alkaline soils or soils receiving additions of reactive 

phosphate rock.   

 

Agricultural context 

 

The P status of a soil at the time of organic certification might influence the choice of 

enterprise. If the site has a high P status (quantity or intensity) and a suitable climate 

then horticulture might be possible, or at least a high proportion of cropping in a 
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broadacre situation. The lower the soil P status, the more likely it is that a livestock 

enterprise would be a more sustainable landuse.  

 

Irrigation water, if sourced below the sewage treatment plant of a town, might 

contribute a significant proportion of the P budget, especially for organic rice crops. 

Early sowing of dryland crops results in less reliance on fertiliser P (Batten et al., 

1999) but this option might be limited where ploughing is needed for weed control. 

On the other hand ploughing might enhance mineralisation of organic P. Large seed 

size is necessary for early vigour but the source of seed permitted in organic systems 

might be limited to those which originate from other low P fertility soils. The P 

demand of plants is not independent of the availability of N, S and other nutrients, nor 

is it independent of soil moisture potential, temperature and aeration. The 7 broad 

strategies raised in this review will not have equal applicability to the Darling Downs, 

the Riverina, the Eyre Peninsula or for the sands of Western Australia. The strategies 

will operate differently in coastal dairies to inland mixed farming (Burkitt et al., this 

issue; Penfold 2000). The general strategies outlined in this review will need to be 

tested and developed for each agricultural ecosystem. 
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Table 1.  Probable sources of P extracted by different soil P tests 

 

Soil Test Source of extracted P 

0.01 M CaCl2 soil solution P 

Olsen, Bray, Lactate soil solution P + adsorbed P 

Anion exchange resin  soil solution P + adsorbed P; rate of P release 

Colwell: Inorganic P  soil solution P + adsorbed P+ partial dissolution of Al, Fe 

phosphates 

Colwell: Organic P readily mineralisable organic P 

Kerr and von Stieglitz  soil solution P + adsorbed P+ partial dissolution of Ca 

phosphates 
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Figure 1. P tree: actions and sources 
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Figure 2 Spectrum of strategies for improving P fertility. 

 

ΔpH,  +P     +enzymes   +fungi    plant efficiency    rotations 

    (‘root’ length,    (carboxylates, (long pastures, 

    carboxylates)     phosphatases, green manure) 

         root architecture, 

         translocation) 

 

chemical   biological   ecosystem 

 

 

 

 

 

 



 24 

 

 

 

 

Figure 3 Relationship between soil tests and soil P pools 
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